The morphology of cells and the hemagglutinogens isolated from cultures of Bordetella pertussis, Bordetella bronchiseptica, and Bordetella parapertussis were studied by electron microscopy with the negative-staining technique. Cells of all three species had long, thin (3 nm thick), peritrichously arranged fimbriae on the cell surface. Similar structures were found in purified hemagglutinogen preparations together with shorter fimbrial structures 3 nm thick and from 40 to 100 nm long. In one experiment, long, thin fimbriae isolated from B. pertussis were found to be arranged in a crystalline structure on the specimen grid after negative staining. Optical diffraction analysis with a filtering technique performed on micrographs of these structures revealed 12.5-nm-long substructures within individual fimbriae. Further analysis resolved each of these structures into three globules, a central globule 3.5 nm in diameter and two diametrically opposed globules 2.5 nm in diameter. Based on this substructural composition, it is suggested that subunits of the individual fimbriae are connected by fragile regions. The presence of such regions would explain the size heterogeneity of the filamentous structures observed in preparations of hemagglutinogens isolated from cultures of B. pertussis and B. bronchiseptica. The concept that the short filamentous structures present in purified preparations of hemagglutinogens originate from the surface fimbriae present on the cells is supported.
SUBSTRUCTURE IN B. PERTUSSIS FIMBRIAE
medium (8) . The bacteria were cultivated at 35°C with an air flow rate of 1.7 liters/min. Samples were withdrawn from the fermentor at different times during the cultivation period (1, 19, 23 , and 47 h), and the growth rates, pH, and hemagglutinating activities (HA) were determined. Each of the samples was also examined under an electron microscope after negative staining.
Preparation of hemagglutinogens. Preparations of hemagglutinogens from B. pertussis and B. bronchiseptica were carried out as detailed below. The HA was determined by the method described by Sato and Arai (15) . Differentiation between F-HA and LPF-HA activities was achieved by hemagglutination in tubes, as originally described by Irons and MacLennan (4) , and the LPF activity was measured by the method of Morse and Morse (13) . The protein content of the various fractions was determined by the method of Lowry et al. (10) , with bovine serum albumin as the standard. Concentration of fractions obtained after gel filtration was performed by vacuum suction through semipermeable tubings (approximately 1 by 7 cm) or by means of a Millipore CX ultrafiltration unit. Chlorhexidine (0.002%) was added as a preservative to all buffers used for extraction or elution from the gel filtration columns.
Protocol for preparation of hemagglutinogens from B. pertussis and B. bronchiseptica.
Step 1. Cultivation of cells from a stock culture on two to three Bordet-Gengou plates at 35°C for 72 h.
Step 2. Cultivation in 8 liters of Cohen-Wheeler medium in a laboratory fermentor for 24 h.
Step 3. Cultivation in 80 liters of Cohen-Wheeler medium in a production fermentor. The cultivation was performed at 35°C, with an air flow rate of 25 liters/min and a stirring speed of 450 rpm. Samples were withdrawn during cultivation, and pH, growth rate, oxygen tension, and HA were measured. When maximum HA was reached, usually after 20 to 24 h at the end of the exponential growth phase, growth was terminated by cooling to 10°C and decreasing the pH to 3.5.
Step 4. Cells were allowed to sediment at 10°C at pH 3.5 for 72 h. The supernatant was siphoned off and discharged. The remaining sediment was centrifuged at 2,700 x g for 1 h.
Step 5. Three successive extractions were performed on the pellet with 500 ml of 0.1 M phosphate buffer (pH 8) containing 1.0 M NaCl. The extractions were performed on a magnetic stirrer at 4°C for 24 h, followed by centrifugation for 1 h at 2,700 x g.
Step 6 . Precipitation of the combined extracts with 70% saturated ammonium sulfate. Precipitation was achieved at pH 6.4 after 24 h at 4°C. The precipitate was collected by centrifugation for 1 h at 2,700 x g.
Step 7 . The precipitate was washed with 50 ml of distilled water by stirring for 24 h at 4°C with a magnetic stirrer and pelleted by centrifugation at 6,100
x g for 30 min.
Step 8. The washed precipitate was extracted with 3 volumes of 50 ml of 0.1 M Tris buffer (pH 10) containing 0.5 M NaCl to form three concentrated extracts. The three extractions were performed by stirring for 24 h at 4°C with a magnetic stirrer, followed centrifugation at 6,100 x g for 30 min.
Step 9. The concentrated extracts were purified on a Sephadex G-150 or a Sephacryl S-300 gel packed in a Pharmacia K 25/100, K 50/60, or K 50/100 column. The columns were eluted with 0.1 M Tris buffer (pH 10) containing 0.5 M NaCI. The fractions were screened for HA, and the active ones were pooled, concentrated, and chromatographed three times (in some experiments, four times).
The hemagglutinogens obtained from B. pertiussis, batch no. 310878-0260, were made from one 80-liter culture. Those from B. pertiussis, batch no. 220379-0260, were made from four 80-liter cultures, the extracts of which were pooled in preparation step 9. The material from B. bronchiseptica, batch no. 280679-0341, was obtained from three 80-liter cultures, and the concentrated extracts were pooled and reprecipitated according to step 6 above.
Preparation of specimens for electron microscopy. The cells of the different Bordetella strains and the Optical diffraction and filtering. The technique for optical diffraction and filtering on crystals of biological macromolecules is well described in the literature (7) . In short, the procedure is as follows (Fig. 1) (Fig. 1A ) (focal length = f = 1,670 mm), and the diffraction pattern obtained is directly related to the structural detail contained in the electron micrograph. Another lens (Fig. 1B ) is used to retransform the diffraction pattern within the plane (Fig. 1C) , where it can be observed or photographed. To increase contrast and structural details, filtering masks are placed in the diffraction plane so that certain of the diffraction spots are filtered out and the background noise is thus suppressed.
RESULTS
Isolation of hemagglutinogens from Bordetella cultures. The HA of the cultivated bacteria of all Bordetella species examined was found to increase with the growth rate of the cells throughout the logarithmic phase of growth. When the stationary phase was reached (normally within 20 to 22 h), HA rapidly decreased to very low values (Fig. 2) within a few hours.
The material concentrated from B. pertussis cultures was, after chromatography, separated into two fractions which possessed HA (Fig. 3) . The first fraction was eluted just after the void volume (indicated by blue dextran) and contained F-HA. The peak of the second fraction was eluted at the same volume as bovine serum albumin and expressed LPF-HA activity. By chromatography of the material obtained by concentration of extracts from B. bronchiseptica cultures, F-HA was eluted at the same volume as F-HA from B. pertussis, but there was no HA present in the fractions corresponding to those with the LPF-HA from B. pertussis. (Fig. 5) . The other consisted of peritrichously arranged thin fimbriae about 3 nm thick and up to several micrometers long (Fig. 4) . After 2 days of culture, the number of cells with fimbriae had decreased (not shown).
(ii) B. parapertussis. The morphology of B. parapertussis cells was similar to that of B. pertussis, except that very few cells presented the tentacular projections. The 1-day-old culture contained the highest number of fimbriated cells (Fig. 6) .
(iii) B. bronchiseptica. B. bronchiseptica cells were rod shaped, and, in contrast to the other two species, they possessed flagella; again fimbriated cells were most numerous in 1-day-old cultures ( Fig. 7) .
Morphology of constituents of extracts obtained from B. pertussis and B. bronchiseptica. (i) Fractions containing F-HA. In fractions containing F-HA, isolated from B. pertussis 310878-0260, a mixture of filamentous and vesicular structures was seen (Fig. 8) . However, the predominant structures were small, thin filaments about 3 nm wide and 40 to 100 nm long (Fig. 8) . Together with these, long fimbriae about 3 nm wide and up to several micrometers long ( Fig. 8 and 13 ) were found. These fimbriae showed a tendency to form bundles ( Fig. 8 and 13 ), and their morphology was similar to that of the fimbriae present on the intact cells (Fig. 4 and 5) . The vesicular structures measured from 30 to 200 nm in diameter ( Fig. 8 and 13 ). Electron microscopy of a further purified fraction from B. pertussis 220379-0260, which contained increased HA activity (Table 1) , showed a network of small filamentous structures, about 3 nm thick and 40 to 100 nm long (Fig. 9) . In this case, however, very few of the long fimbriae were present.
Interesting fields of view were observed in a preparation of an F-HA fraction from one particular experiment originating from B. pertussis 310878-0260. The suspension was diluted with equal parts of 1% ammonium molybdate (pH 7.4) before preparation for negative staining by method A. In these fields, two-dimensional crystalline structures measuring up to 1 to 2 ,um in width were seen. It was obvious (Fig. 13) that some of the long, thin fimbriae were in direct continuity with the crystalline regions, which appeared to be made up of individual layers of parallel fimbriae, deposited on top of each other at fixed angles. The angle between adjacent layers of the parallel fimbriae averaged 430 when measured on different parts of different crystals (Fig. 13) . The center-to-center distance between the fimbriae in the crystal was about 9 nm, whereas the width of a single fimbria outside the crystals was about 3 nm. Optical diffraction with filtering techniques was used on the photographic negatives of these crystalline structures to achieve further resolution of substructural details (see below). When the fractions containing F-HA from B. bronchiseptica 280679-0341 were examined after staining by method A, long, thin fimbriae dominated the picture, but vesicular structures were also present, together with an occasional piece of a flagellum (Fig. 12) . When the same material was prepared by method B, the distribution of the structural elements had changed radically. Now small filamentous structures, about 3 nm wide and 40 to 100 nm long, were the predominant structures (Fig. 10) .
(ii) Fraction containing LPF-HA. A fraction containing LPF-HA was isolated from the cultures of B. pertussis 310878-0260. This fraction contained a homogeneous suspension of small round structures with a diameter of about 6 nm (Fig. 11) . Fimbriae-like elements were never seen.
Optical diffraction and filtering. A characteristic diffraction pattern (Fig. 14) was obtained when the original film negative for Fig. 13 was analyzed with a diffractometer. The diffraction pattern corresponding to the framed area in Fig.  13 showed a series of bright spots arranged symmetrically around the central spot (Fig. 14) . This diffraction pattern was further analyzed by application of a filtering mask which reduced the background noise and the intensity of the central spot by as much as 70%. The retransformed picture obtained from the pattern after the filtering is shown in Fig. 15 The two small globules B appeared to be connected with the bigger central globule A by small, thin rods oriented at a fixed angle a ( Fig.  16 ) with respect to the long axis of the fimbriae. The fimbriae arranged in parallel within the crystalline layers seemed to be attached to each other through the subunits B (Fig. 15) .
A schematic drawing based on measurements and calculations made on different fields with crystalline structures which were analyzed and reconstituted is given in Fig. 16 . Our measurements have shown that the angle a between the subunits and the axis through the centers of subunit A is 21.3 ± 0.30, and the angle ,B between adjacent layers of parallel fimbriae is 42.8 + 0.5°. The center-to-center distance between subunits A in the same fimbria was found to be about 12.5 nm, and that between subunits A in parallel fimbriae was found to be about 9 nm. The total substructure consisting of the elements B-A-B measured about 12.5 nm. DISCUSSION Recent studies (12, 13, 16, 17) on B. pertussis have firmly established that two morphologically distinct antigens can be isolated from these cells. One is the F-HA with a high HA; the other is a substance which appears as small spherical entities under the electron microscope. This latter substance possesses the ability to produce marked leukocytosis when injected into experimental animals and is consequently called the LPF. It also possesses the ability to agglutinate erythrocytes from various species and has been found only in cultures of B. pertussis and not in cultures of other Bordetella species (14) .
In our study the HA of fermentor cultures of the three Bordetella species increased during the logarithmic phase of growth (19 to 23 h). This finding correlated with the number of fimbriated cells, which was greatest in 1-day-old cultures. The fimbriae on the cells were long and thin and similar to those first described on B. pertussis by Morse and Morse (12) . These authors also mentioned that fimbriae were present on cells of the other Bordetella species, but no illustrations were given. However, in a paper by Bemis et al. (2) , a cell of B. bronchiseptica with long, thin fimbriae is shown.
Electron microscopy in the present study on purified preparations from B. pertussis and B. bronchiseptica with high HA showed that these contained practically only filamentous structures about 3 nm wide, but varying in length from 40 nm to several micrometers. The long filaments were morphologically identical to the thin fimbriae found on the surface of cells obtained from cultures in the logarithmic phase of growth. The marked variation in length of the filamentous structures observed contradicts the uniform filamentous elements about 2 by 40 nm demonstrated by Sato et al. (17) . However, the preparations from B. pertussis with the highest HA (Table 1) also showed an increased number of short units and a lower number of long, thin fimbriae, and the discrepancy may be explained by the use of different isolation and purification procedures.
Similarly, different procedures for preparation of the negatively stained material may also be of importance for the results obtained. In the present study only the suspension method revealed long, thin fimbriae, frequently mixed with a small amount of shorter filamentous structures, whereas the microdrop Method always showed the short elements as the dominating structure (compare Fig. 10 and 12) . At this point it should be added that staining methods similar to the microdrop method have been used in previous studies (12, 15 Fig. 8 . Some of the fimbriae (arrows) within the network of long fimbriae about 3 nm thick and some more than 1 ,um long appear directly to continue into a two-dimensional crystalline structure. Some vesicular structures (v) are also present. Bar, 100 nm. x175,000. The present report is, to the best of our knowledge, the first to demonstrate a substructure in the fimbriae of B. pertussis. The elementary subunits appear to be arranged in a manner favoring the concept that the F-HA hemagglutinogens from B. perttlssis and B. bronchiseptica are derived from the surface fimbriae of the cells.
